We tested the hypothesis that myocardial stiffness as assessed by diastolic wall strain (DWS) is altered in adult survivors of childhood leukaemias with preserved left ventricular (LV) ejection fraction and explored its association with myocardial fibrosis and diastolic deformation.
Introduction
Although survival of children with cancer has significantly improved in recent decades with the use of anthracycline, 1 mortality in longterm survivors of childhood cancers remains higher when compared with the general population. Of the various aetiologies of late non-cancer morbidity and mortality, cardiovascular disease has emerged to be the leading one. 2, 3 Cardiac assessment of paediatric cancer survivors has nonetheless focused on left ventricular (LV) contractile function. 4, 5 There are data, however, to suggest that subclinical diastolic dysfunction may be an early manifestation of cardiac damage in these long-term survivors. 6 -8 Pathophysiology of diastolic dysfunction includes the impairment of myocardial relaxation and stiffening of the myocardium.
Myocardial stiffening in anthracycline-induced cardiotoxicity has, however, not been explored. Nonetheless, substrates for its development possibly exist. Increased collagen content has been shown in an animal model of daunorubicin-induced cardiomyopathy. 9 Myocardial biopsies obtained from patients after anthracycline therapy have revealed evidence of fibrosis. 10, 11 Recent cardiac magnetic resonance (CMR)-based techniques including late gadolinium enhancement 12, 13 and T1 mapping 14, 15 further suggest the presence of myocardial fibrosis in adolescent cancer survivors. Alteration of myocardial extracellular matrix may potentially influence myocardial stiffness and hence ventricular diastolic function. The recent description of an index of diastolic wall strain (DWS) 16 may enable more direct interrogation of myocardial stiffness, in contrast to indirect estimation of ventricular diastolic filling pressure based on Doppler assessments. 17 Diastolic wall strain is a measure of ventricular wall thinning during diastole. Based on the linear elastic theory, this measure reflects the resistance to diastolic deformation and hence myocardial stiffness in the presence of preserved ventricular ejection fraction. 16 This index has been shown to correlate with invasive measurement of diastolic stiffness in an animal model. 16 In the present study, we tested the hypothesis that DWS is altered in long-term survivors of childhood cancers with preserved LV ejection fraction and explored its associations with LV myocardial calibrated backscatter, 18 a marker of fibrosis, and indices of LV diastolic and torsional deformation.
Methods

Subjects
This is a retrospective review of our cardio-oncology echocardiographic database. Ninety-four patients aged 10 and above with acute lymphoblastic leukaemia and acute myeloid leukaemia who had been off treatment for at least 5 years and who had normal LV ejection fraction .50% were included. The following data were retrieved from their case notes: diagnosis, age at diagnosis, date of start and completion of chemotherapy, cumulative dose of anthracycline, and the need for cardiac irradiation. Echocardiographic findings of these patients were compared with those of 66 control subjects, who are staff volunteers and healthy siblings of patients with no documented history of cardiovascular diseases. Efforts were made to identify age-and sex-matched control subjects with echocardiographic assessments performed during similar time periods from our cardio-oncology echocardiographic database. Body weight and height of all subjects were measured, and body mass index and body surface area were calculated accordingly. This study was approved by the Institutional Review Board of the University of Hong Kong/Hospital Authority West Cluster, Hong Kong. The study protocol conforms to the ethical guidelines of the 1975 Declaration of Helsinki as reflected in a priori approval by the institution's human research committee.
M-mode and Doppler echocardiographic assessment
All echocardiographic examinations were performed using Vivid 7 ultrasound machine (GE Medical System, Horten, Norway). Data were stored digitally and analysed offline using the EchoPAC software (GE Medical System, Horten, Norway). Average values of echocardiographic indices based on readings from three cardiac cycles were used for statistical analyses. From the parasternal short-axis view, thickness of the posterior LV wall was obtained from M-mode recordings. Diastolic wall strain was calculated using the formula: DWS ¼ (PWs -PWd)/PWs, 16 where
PWs and PWd represent posterior wall thicknesses at end-systole and end-diastole, respectively (Supplementary data online, Figure S1 ). Pulsed-wave Doppler examination was performed to obtain peak mitral inflow velocities at early (E) and late (A) diastole, E deceleration time, and E/A ratio. Tissue Doppler echocardiography was performed with the sample volume positioned at the basal LV-free wall-mitral and right ventricular (RV)-free wall-tricuspid annular junctions to obtain the following parameters: peak early (e) and late (a) diastolic myocardial tissue velocities and e/a ratio. The left-sided E/e ratio was calculated to estimate LV filling pressure. 19 
Calibrated integrated backscatter
Integrated backscatter of the ventricular septum and posterior LV wall was measured at end-diastole from the parasternal short-axis view as reported previously. 20 The sample volume was tracked manually in each frame to ensure that its location lies within the same region throughout the heart cycle. Calibrated integrated backscatter (cIB) of the septum and posterior wall was calculated as the difference between the integrated backscatter measured at the respective region of interest and that of the pericardium. The average cIB at the two sites was calculated for further correlation analyses (Supplementary data online, Figure  S2 ).
Speckle tracking echocardiography
From the apical four-chamber view, LV and RV longitudinal diastolic myocardial deformation was assessed using Echopac software (General Medical System, Horten, Norway). The entire contour of the left and right ventricle was traced to determine global early and late diastolic strain rates (Supplementary data online, Figure S3 ). The RV-free wall was also traced for quantification of regional RV early and late diastolic strain rates as the septum is both an LV and RV structure. From the midventricular parasternal short-axis, LV radial and circumferential early and late diastolic strain rates were measured. For assessment of LV torsional mechanics, parasternal short-axis views at the apical and basal levels were acquired. The following torsional indices were determined as described previously 21 : systolic twisting velocity, peak diastolic untwisting velocity, and the time to peak diastolic untwisting velocity adjusted for RR interval (Supplementary data online, Figure S4 ). Our group has previously reported on the high reproducibility of these deformation indices.
22,23
Statistical analysis
Data are presented as mean + SD unless otherwise stated. Absolute values of strain and strain rates are presented to facilitate interpretation and analyses. Demographic and echocardiographic parameters between patients and controls were compared using unpaired Student's t-test. The intra-and interobserver variability for the measurements of DWS and cIB was assessed in 20 subjects (10 patients and 10 controls) and reported as the coefficient of variation. Pearson correlation analysis was used to determine associations between DWS and cIB and other diastolic indices. Empirical cumulative distribution function was used to generate sample distribution of DWS, and Kolmogorov-Smirnov test was used to determine the difference in cumulative distribution between patients and controls. A P-value of ,0.05 is considered statistically significant. All statistical analyses were performed using SPSS version 19.0 (SPSS Inc., Chicago, IL, USA).
Results
Subjects
Ninety-four patients (53 males) aged 22.2 + 5.5 years were studied. Their age at diagnosis was 12.9 + 6.8 years and they were studied at 14.9 + 6.2 years after completion of cancer treatment. Of the 94 patients, 86 patients had acute lymphoblastic leukaemia while 8 had acute myeloid leukaemia. All had received anthracycline-based chemotherapeutic regimen, and their mean cumulative anthracycline dose was 227 + 100 mg/m 2 . Eleven (12%) patients had cardiac exposure to radiation during total body irradiation conditioning before transplant. At the time of study, all of the survivors were free from cardiac symptoms and none were receiving cardiac medications. All of the patients were in New York Heart Association functional class I at the time of assessment. A total of 66 (36 males 
Diastolic wall strain
The intra-and interobserver variability for the measurement of DWS was 11.5% and 12.0%, respectively. Compared with controls, patients had significantly lower DWS (0.28 + 0.07% vs 0.33 + 0.07%, P , 0.001) ( Figure 1A ). The distribution of DWS in patients differed significantly from that of controls (P , 0.001) ( Figure 1B ).
Myocardial calibrated integrated backscatter
The intra-and interobserver variability for cIB measurement was 4.9% and 6.5%, respectively. Compared with controls, patients had significantly greater myocardial cIB of the ventricular septum (225.5 + 2.2 dB vs 228.4 + 2.3 dB, P , 0.001), LV posterior wall (223.7 + 2.0 dB vs 227.1 + 1.8 dB, P , 0.001), and average cIB of the two sites (224.6 + 2.0 dB vs 227.7 + 2.0 dB, P , 0.001) ( Figure 2 ). Table 1 summarizes the LV parameters of the two groups. Patients had significantly lower LV global longitudinal (P ¼ 0.001), radial (P , 0.001), and circumferential (P ¼ 0.02) early diastolic strain rates and circumferential late diastolic strain rate (P ¼ 0.002). Additionally, peak systolic twisting (P ¼ 0.004) and diastolic untwisting velocities (P ¼ 0.004) were significantly lower in patients compared with controls. With regard to indices of RV diastolic function ( Table 2) , patients had significantly lower tricuspid annular e velocity (P ¼ 0.029), e/a ratio (P ¼ 0.036), and RV-free wall longitudinal early diastolic strain rate (P ¼ 0.048) than controls.
Left ventricular and right ventricular diastolic indices
Comparisons between patients with (n ¼ 11) and those without (n ¼ 83) cardiac irradiation showed no differences in trans-mitral inflow velocities, mitral and tricuspid annular diastolic velocities, and LV and RV diastolic deformation rates (all P . 0.05).
Correlates of diastolic wall strain
For the whole cohort, there was a significant inverse relationship between DWS and myocardial cIB (r ¼ 20.25, P ¼ 0.002) (Figure 3) . Table 3 shows the correlations between DWS and LV diastolic indices. For the whole cohort, DWS correlated positively with longitudinal (r ¼ 0.23, P ¼ 0.004), radial (r ¼ 0.37, P , 0.001), and circumferential (r ¼ 0.26, P ¼ 0.001) early diastolic strain rates (Figure 4) .
Among patients, DWS did not correlate with age, age at diagnosis, time since completion of chemotherapy, and mean cumulative anthracycline dose (all P . 0.05). Additionally, patients with cardiac irradiation had similar DWS compared with those who did not require cardiac irradiation (0.31 + 0.06% vs. 0.27 + 0.07%, P ¼ 0.13). Among patients, the average cIB correlated negatively with age at study (r ¼ 20.20, P ¼ 0.011), but not with age at diagnosis, time since completion of chemotherapy, and mean cumulative anthracycline dose (all P . 0.05). Additionally, patients with cardiac irradiation had similar myocardial cIB of the ventricular septum, LV posterior wall, and average cIB at the two sites (all P . 0.05).
Correlates of myocardial calibrated integrated backscatter
Discussion
The novel finding in this study is the demonstration of significant reduction of DWS of the left ventricle, which suggests increased LV myocardial stiffness, in adult survivors of childhood leukaemias. Furthermore, DWS is found to correlate negatively with cIB, an index of myocardial fibrosis, and positively with indices of LV diastolic function. Notably, these abnormalities are evident in subjects with preserved LV ejection fraction. To our knowledge, this is the first study to explore DWS and its associations with myocardial cIB and indices of LV diastolic function in long-term childhood leukaemia survivors.
Non-invasive echocardiographic assessment of myocardial stiffness by DWS is based on the linear elastic theory and assessment of the degree of myocardial thinning during diastole. 16 In animal experiments, DWS has been shown to correlate with the directly measured myocardial stiffness constant. 16 In adult patients, DWS has been reported to be reduced in those with hypertension 24 and in those with heart failure but with preserved LV ejection fraction. 25 Importantly, reduced DWS has been shown to be predictive of poor outcomes in heart failure patients with preserved 25 or reduced 26 ejection fraction. Theoretically, DWS is associated more with LV stiffness rather than active relaxation. Nonetheless, DWS has been associated with mitral annular early diastolic myocardial velocity in patients with hypertension 27 and in those heart failure patients with preserved ejection fraction. 25 Our findings of reduced DWS and its associated impairment of LV early diastolic myocardial deformation may perhaps suggest the operation of a common factor such as myocardial fibrosis that may alter the intrinsic myocardial properties during diastole. Studies on diastolic function in survivors of childhood leukaemias have relied on indirect Doppler interrogation. 6 -8 Findings of previous studies on LV diastolic filling based on the surrogate measure of E/e ratio were conflicting. 5,8,28 -29 In our cohort of adult survivors, the E/e ratio was similar to that of controls. While the cause of inconsistent results among studies is not entirely clear, the spectrum of cancers included and associated risk factors of cardiotoxicity including age, gender, dosage and combinations of chemotherapy, and additional cardiac irradiation may exert influence to varying degrees on the severity of diastolic abnormalities in the long term. In the present study, we directly assessed diastolic myocardial deformation by speckle tracking echocardiography and found reduced LV diastolic strain rates along the longitudinal, radial, and circumferential dimensions. Our findings agree with those reported in childhood cancer patients 14, 30 and in breast cancer patients soon after anthracycline chemotherapy. 31 Our additional findings of significantly impaired torsional mechanics in patients agree also with those previously reported 21 and suggest that abnormal generation of suction force during early diastole is a contributing factor to impairment of LV early relaxation. 32 Importantly, the findings of the present study further suggest that stiffening of myocardium may constitute an important element of diastolic dysfunction in late childhood cancer survivors.
The exact mechanisms that underlie myocardial stiffening and impaired LV diastolic mechanics remain to be unveiled. Nonetheless, changes in extracellular matrix composition may potentially alter myocardial stiffness and ventricular diastolic function. Indeed, Liu et al. recently showed that DWS is significantly lower with a higher level of procollagen type I carboxy-terminal propeptide, a circulating biomarker that may reflect cardiac fibrosis in hypertensive patients. 24 Our finding of a significant inverse relationship between DWS and myocardial cIB supports the hypothesis that fibrotic myocardium may be a culprit of increased ventricular stiffness. Increased myocardial cIB is further found to be associated with worse LV diastolic myocardial deformation and torsional mechanics. Excessive accumulation of collagen within the myocardium increases the viscoelastic burden of the myocardium and compromises relaxation, diastolic suction, and impairs passive stiffness. 33 Our findings are in agreement with previous cardiac magnetic resonance studies. Using cardiac magnetic resonance T1 mapping, Neilan et al. has recently demonstrated negative associations between LV myocardial extracellular volume and LV medial and lateral early diastolic myocardial velocities in middle-aged adults treated with anthracyclinebased chemotherapy regimen. 15 Our group has also reported on negative associations between late gadolinium enhancement of the left ventricle and reduced mitral annular early diastolic myocardial velocities in long-term childhood cancer survivors. 13 These latter studies have, however, focused on early diastolic abnormalities. Further studies are undoubtedly required to confirm the relationship between myocardial fibrosis and LV stiffness and compliance in long-term childhood cancer survivors. The adverse effects of cardiac irradiation in addition to chemotherapy on late cardiac function are well documented. 34 Bu'Lock reported a more restrictive LV filling pattern in survivors of childhood malignancies who had cardiac irradiation in addition to anthracycline therapy. 7 Radiation-induced myocardial fibrosis 35 and restrictive cardiomyopathy, 36 particularly in survivors of Hodgkin's disease, are issues of concern. The relatively small number of survivors who had received radiotherapy in the present study might have limited the statistical power to detect associations between cardiac irradiation and echocardiographic indices of myocardial stiffness and fibrosis in our study cohort. Involvement of the right ventricle also deserves some comments. Right ventricular (RV) myocardium has been reported to be less affected than LV myocardium in animal models of chronic anthracycline cardiotoxicity. 37, 38 Nevertheless, Ganame et al. reported significant reduction in peak systolic strain in the basal RV-free wall in asymptomatic paediatric patients after low-dose anthracycline treatment. 39 Additionally, reduced tricuspid annular early and late diastolic myocardial velocities in paediatric cancer patients treated with high doses of anthracyclines has been described. 40 While our findings of reduced tricuspid annular early diastolic myocardial velocity, e/a ratio, and RV-free wall early diastolic strain rate concurs with findings of previous studies, only tricuspid annular early diastolic myocardial velocity was found to correlate with myocardial cIB. Whether subclinical RV diastolic dysfunction is directly related to alteration of myocardial extracellular matrix and stiffness requires further study. Several limitations to this study warrant comments. Firstly, this is a retrospective cross-sectional study of survivors with childhood leukaemias. The magnitude of myocardial changes in survivors of other childhood cancers is unknown. Furthermore, the prognostic value of increased ventricular myocardial stiffness in our patient cohort remains unclear. Additionally, the data imaging quality may have limitations given the retrospective nature of the present study. Secondly, the measurement of DWS is limited to regional evaluation of the posterior wall of the left ventricle and may not entirely reflect global LV myocardial stiffness. Non-invasive assessment of RV myocardial stiffness has hitherto not been described using this technique. Thirdly, the modality of T1 mapping, which is ideal for assessment of diffuse myocardial fibrosis, is not readily available in our setting. We have therefore measured cIB to estimate the magnitude of myocardial fibrosis, the use of which has been reported in adults with metabolic syndrome 18, 41 and obesity 42 and in children with Kawasaki disease 43 and congenital heart disease. 20 Our findings of greater myocardial cIB suggest increased fibrosis of the myocardium may occur in survivors of long-term survivors of childhood leukaemia.
In conclusion, in adult survivors of childhood leukaemias, despite the preservation of LV ejection fraction, increased stiffness of LV myocardium is evident and is associated with myocardial fibrosis and impaired ventricular diastolic function. Further studies to determine the prognostic significance of myocardial DWS in this at-risk cohort are warranted.
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